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Abstract 
Nanostructured metals with bimodal grain size distribution, composed of coarse grains (CG) and nanograins regions, can have 
high strength and good ductility. Here, numerical simulations, based on the mechanism-based strain gradient plasticity, 
micromechanical composite model and the Johnson-Cook failure model, investigate effects of distribution characteristics and
shape of the CG regions on fracture behavior of bimodal nanostructured metals. Simulations show that both of them directly 
influence load response, energy dissipation and fracture pattern. This study shows that both CG region bridging and crack 
deflection are main toughening mechanisms of the bimodal nanostructured metals. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1.   Introduction 
Nanostructured (NS) metals with bimodal grain size distribution, by mixing up the length scales with nanograined 
(NG) regions as matrix phase and coarse grained (CG) regions as toughening inclusions, have shown high strength 
and good ductility. Many experimental efforts have been devoted to studying their fracture behavior and toughening 
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mechanisms. As reviewed in Ma (2006) and Lavernia et al. (2008), bimodal grain size distribution can be produced 
by consolidating a simple mixture of powders of different grain size and the outcome properties span a wide range 
depending on the microstructural variations. However, the exact grain size distribution, grain shape and arrangement 
are difficult to reproduce and the overall mechanical response hence becomes tricky to predict (Ma, 2006). There is 
limited theoretical modeling and numerical investigation on fracture behavior of bimodal NS metals (Ye et al., 2005; 
Ovid’ko and Sheinerman, 2007; Xia and Wang, 2010). Here, we will study the fracture behavior of the bimodal NS 
copper. The mechanism-based strain gradient plasticity will be adopted to describe the constitutive relation of the 
NG phase, the Johnson-Cook plasticity model will be employed to describe the constitutive relations of each phase 
at high strain rate, and a micromechanics composite model will be incorporated into the framework. The 
dependences of fracture resistance on the microstructure will be analyzed.  
 
2.  Numerical framework 
2.1 Specimen configuration and idealized microstructures 
A center-cracked-tension bimodal NS Cu specimen is studied. It has a width 2W=2.0 mm, a height 2H=0.6 mm, 
and a pre-crack with a length 
i2 a =0.44 mm. Only one-half is used due to symmetry, as shown in Fig. 1. The 
microstructure in a small region (60x300 μm ) in front of the pre-crack tip is the input. Fig. 1 also illustrates a 
sampled idealized microstructure, with the NG phase in green and the CG phase in red. The material outside the 
microstructure is assumed homogeneous. To study the influences of phase attributes, four idealized microstructures 
are shown in Fig. 2. The volume fraction of the CG is 24.5% on average while the arrangement and the shape vary. 
The specimen is initially stress free, at rest, and at the room temperature, and tensile loading is applied by imposing 
symmetric velocity boundary conditions along the upper and lower edges. The upper boundary velocity is 1 m/s. 
Symmetric boundary condition is applied to the left edge while the right edge is traction free. Condition of plain 
strain is assumed to prevail. 
 
 
Fig. 1. A sampled microstructure of bimodal NS Cu. 
 
 
Fig. 2. Four idealized microstructures. 
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2.2 Constitutive relation of the NG phase 
The mechanism-based strain gradient plasticity (Zhu et al., 2012) is adopted to describe the constitutive relation 
of the NG Cu. The strain rate ε  can be decomposed into elastic and plastic parts, i.e., 
e pε = ε + ε .                     (1) 
The elastic strain rate eε  is obtained from the stress rate in a linear elastic fashion as 
: eε M σ ,                                                    (2) 
where M  is the elastic compliance tensor. The plastic strain rate pε  is proportional to the deviatoric stress 'σ , i.e., 
                                                  pp e
e
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.                                                                (3) 
Here eV  is the von Mises stress and peε , the equivalent plastic strain rate, is determined by 
0mp e
e e
f lo w
σε = ε [ ]
σ
,                                                                        (4) 
in which eε  is the equivalent strain rate, 0m  the strain rate-sensitivity exponent, and flo wσ  the flow stress of the NG 
phase. Here, the dislocation density in the grain boundary dislocation-pileup zones (GBDPZ), 
G BU , is adopted to 
analyze the contribution of grain boundaries on the flow stress based on Taylor’s model. It can be expressed by 
(Huang et al., 2004; Zhu and Lu, 2012) 
 
flo w I G BM bV DP U U  .                                                              (5) 
Here, D , P , M  and b  are Taylor constant, the shear modulus, Taylor factor, and Burgers vector, respectively. 
IU  is the dislocation density in the crystal interior of the NG and can be expressed according to Kocks and 
Mecking’s model (2003). 
G BU  can be formulated by 
G B
G B
G B k
b
KU  .                                                 (6) 
Here, 6 /G B G BG B D P Z Gk d dI , G B D P Zd  is the thickness of the GBDPZ, G BI  the geometric factor, and G BK  the local 
strain gradient relevant to dislocation distributions in the grain boundary regions. According to the mechanism-
based strain gradient plasticity, the constitutive relation of the NG with grain size 23 nm can be obtained.  
2.3 Micromechanical composite model 
In the composite models of nanocrystalline materials, grain interiors and grain boundaries are two separate 
phases. Here, the composite model based on the modified Mori–Tanaka mean field approach (Weng, 1990) is 
employed to estimate the constitutive relation of the homogenized phase. The composite theory with the secant 
modulus is suggested to describe the nonlinear behavior of individual phase. With the secant moduli approach, the 
secant Young’s modulus and secant Poisson’s ratio of the ith phase can be written as 
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NG phase is referred to as phase 0 and the CG phase as phase 1. 
iE  and iX  denote the Young’s modulus and 
Poisson’s ratio of the ith phase, respectively. Suppose that the composite is subject to a boundary displacement 
giving rise to a uniform strain H . Based on the composite model of Weng (1990), the relations between the 
hydrostatic and deviatoric strains of the constituent phases and those of the composite can be analyzed. As the 
applied load increases, the material experiences three stages of deformation. In the first stage, both phases are 
elastic. In the second stage, the CG phase yields first while the NG phase still remains elastic. Finally, in the third 
stage, both phases are in plastic state. The entire stress-strain curve of the composite can be obtained. 
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2.4 Johnson-Cook plasticity and failure models 
Johnson-Cook plasticity model (1983) is employed to describe the constitutive behavior at high strain rates, i.e., 
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where A, B, C, m, and n are model parameters, 0ε  reference strain rate, T  the temperature, rT  the room temperature, 
and 
mT  the melting temperature. Johnson and Cook (1985) proposed a linear incremental relation between the 
damage parameter D and the equivalent plastic strain increment ped ε  as 
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where fε  is the failure strain. An element is taken to fail when D reaches 1. In Eq. (9), fε  is defined by 
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where 
1d  to 5d  are material constants, and p  is hydrostatic pressure (Johnson and Cook, 1985). 
3. Results and discussion on effects of the microstructure 
Four microstructures in Fig. 2 are input into our numerical framework. The crack propagation depends on the 
particular microstructural phase distribution. The CG left at the wake play a bridging role, consistent with the 
numerical investigation of Ye et al. (2005). When there are favorably oriented interfaces between the CG and NG 
regions, debonding occurs. The crack usually alters propagation direction and deflects. It increases the real crack 
length and thus the crack takes longer time to go through the entire microstructure. 
Fig. 3 shows the boundary load versus the upper boundary displacement. The peak load of the bimodal NS Cu is 
lower than that of the unimodal NG Cu. After the peak, the load decreases and the decreasing rate of the bimodal NS 
Cu is significantly smaller than that of the unimodal NG Cu, which implies that load path of the former is more 
stable than that of the latter. Fig. 4 shows apparent crack length versus the upper boundary displacement. The crack 
in microstructure C has the highest propagation speed and that in microstructure D has the lowest one. The lower the 
propagation speed is, the larger the fracture resistance is. The propagation speed in the bimodal NS Cu is essentially 
lower than that in the unimodal NG Cu, which indicates that the CG phase in the bimodal NS Cu increases the 
fracture resistance. 
 
 
            Fig. 3. Load versus boundary displacement.           Fig. 4. Apparent crack length versus boundary displacement. 
 
Fig. 5 illustrates the damage dissipation versus the upper boundary displacement. It is found that microstructure B 
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has the largest damage dissipation rate and microstructure D the lowest one. Fig. 6 shows strain energy versus the 
upper boundary displacement. When the CG regions are in large deformation, more elastic energy will be 
accumulated. The strain energy in microstructure D is the largest. This coincides with the fact that microstructure D 
is associated with the largest boundary load after the load peak (shown in Fig. 3) and that the crack in microstructure 
D has the lowest propagation speed (shown in Fig. 4). Therefore, the strain energy is also an index to evaluate the 
fracture resistance. 
 
  
                                    Fig. 5. Damage dissipation versus boundary displacement.         Fig. 6. Strain energy versus boundary displacement. 
 
To compare the fracture resistance of diverse microstructures, we make three groups: (i) C and D, (ii) A and C, 
and (iii) B and D. 
In the first group, bridging occurs more often in microstructure C while crack deflection more often in 
microstructure D. On observation of the fracture pattern, it can be found that the crack in microstructure C deflects 
with an angle about 04 5  to connect the centers of the CG regions while that in microstructure D deflects with an 
angle larger than 04 5  to connect the corners of the CG regions. Therefore, the real crack length in microstructure D is 
larger than that in microstructure C, i.e., the staggered arrangement of the square CG regions has larger fracture 
resistance than the array arrangement. 
In the second group, from the fracture process, it can be found that the circular CG regions in microstructure A 
have severe plastic deformation before fracture and the NG regions also have large deformation. It can also be found 
that the square CG regions in microstructure C only have larger deformation around the apices while the NG regions 
have much smaller deformation. Large proportion of fracture in the circle CG regions is in mode-I while that in the 
square CG regions is in mode-II. Therefore, when both of them are in bridging, the capacity of carrying load of the 
circular regions is better than that of square ones.  
In the third group, crack in microstructure B deflects together with the CG bridging, and that in microstructure D 
deflects between two rows of CG regions and thus the CG regions play a less important role in bridging. Compared 
with microstructure B, the crack path in microstructure D is more tortuous. Specifically, the crack in microstructure 
B follows a zigzag path while that in microstructure D a trapezoidal path. It is the intrinsic reason that the crack in 
microstructure D has a longer real crack length and thus larger fracture resistance.  
4. Conclusions 
A numerical investigation via the mechanism-based strain gradient plasticity, micromechanical composite model, 
and Johnson-Cook failure model has been carried out to study the fracture behavior of the bimodal NS metals. Both 
bridging of the CG regions and crack deflection are found to have strong effects in enhancing their fracture 
resistance. Main conclusions can be drawn as follows: 
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1. Load path of the bimodal NS metal is more stable than that of the unimodal NG metal. 
2. When bridging plays an important role, the microstructure with circular inclusions has better fracture resistance 
than that with square ones. When crack deflection is dominant, the microstructure with square inclusions has 
better fracture resistance than that with circular ones. 
3. The staggered arrangement of the square CG regions has larger fracture resistance than the array arrangement.  
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